Dark matter (DM) charged under a dark U (1) force appears in many extensions of the Standard Model, and has been invoked to explain anomalies in cosmic-ray data, as well as a self-interacting DM candidate. In this paper, we perform a comprehensive phenomenological analysis of such a model, assuming that the DM abundance arises from the thermal freeze-out of the dark interactions. We include, for the first time, bound-state effects both in the DM production and in the indirect detection signals, and quantify their importance for Fermi, Ams-02, and CMB experiments. We find that DM in the mass range 1 GeV to 100 TeV, annihilating into dark photons of MeV to GeV mass, is in conflict with observations. Instead, DM annihilation into heavier dark photons is viable. We point out that the late decays of multi-GeV dark photons can produce significant entropy and thus dilute the DM density. This can lower considerably the dark coupling needed to obtain the DM abundance, and in turn relax the existing constraints.
Introduction
The physics of the dark sector, comprising most notably the Dark Matter (DM) particle responsible for incontrovertible astrophysical and cosmological evidence, is still largely, and aptly, obscure (see e.g. [1, 2] for reviews). Not only the mass of the DM particle is undetermined, with viable possibilities ranging from tiny fractions of one eV to hundreds of TeV, but perhaps most importantly, its interaction properties are so far unknown (beyond, of course, the coupling with gravity which is at the origin of the evidence mentioned above). Historically, much of the attention has concentrated on WIMP scenarios, in which the DM particle -often assumed, for simplicity, to consist of just one species -is charged under the well-known weak interactions of the Standard Model (SM). Under this logic, the matter content of the theory is enlarged but the gauge force sector is left unchanged. The relative predictivity of these scenarios, and their appealing embedding within broader theory constructions such as supersymmetry, have made them paradigmatic for the field in the past decades.
On the other hand, it is interesting to entertain the possibility that the DM may be charged under a new dark force, carried by a new dark mediator. We will consider, specifically, DM coupled to a dark Abelian gauge interaction U (1) D , and allow for the dark gauge boson, which we shall call the dark photon, to be massive. Such a force couples DM with itself, making it potentially collisional. It also generically allows DM to couple to the Standard Model (SM), via the renormalisable kinetic mixing of the U (1) D with the hypercharge [3, 4] ; this gives rise to direct and indirect detection signals, and has important implications for cosmology.
Models of this sort have been investigated in many occasions in the past, based both on theoretical [5] [6] [7] [8] [9] [10] [11] [12] and phenomenological motivations. The latter includes, for instance, the longstanding possibility that sizeable DM self-interactions can solve some worrying inconsistencies between the predictions of collisionless cold DM and the observed large-scale structure of the Universe [13] , that appear, for example, in the sizes and numbers of the galactic satellite haloes, and in the DM density profiles in the center of galaxies [14] [15] [16] [17] [18] [19] [20] . The same class of models was also invoked in the wake of the discovery of a positron excess in cosmic rays by the Pamela satellite [21] [22] [23] [24] [25] [26] [27] [28] ; the specific implementations featured a DM particle that annihilates into mediators with a relatively small mass, below the threshold for pp production. This feature allowed to explain the leptophilic nature of the annihilation and, at the same time, to provide the very sizeable enhancement of the annihilation cross-section -the so-called Sommerfeld enhancement [28] [29] [30] [31] [32] [33] [34] [35] -that was needed to fit the data. Later on, models in this class were constructed to explain the Fermi Galactic Center GeV excess [36] [37] [38] [39] [40] [41] [42] . In these constructions, the existence of dark mediators allows to obtain smoother gamma-ray spectra and to avoid other constraints [43] [44] [45] [46] [47] [48] [49] [50] [51] .
As seen from the above, the suitability of the U (1) D model to address certain problems relies often on the smallness of the force mediator mass. More recently, it has been realised in the context of DM phenomenology that long-range interactions -interactions mediated by light or massless force carriers -imply the existence and formation of DM bound states. This applies both to dark force scenarios, as well as to WIMPs, provided that the force carriers (the dark mediator or the SM Weak bosons) are much lighter than the DM particles. After the pioneering work of refs. [23, 52, 53] , the issue has been investigated more systematically in a series of recent studies [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] . Dark matter with no particle-antiparticle asymmetry, coupled to long-range interactions can form unstable particle-antiparticle bound states. Their formation and decay has an important impact on DM phenomenology: it provides an additional annihilation channel, which affects the relic abundance [57] , as well as the radiative signals looked for in indirect detection strategies [62] [63] [64] . The modifications can be significant, and need to be taken into account.
The goal of this paper is to perform, for the first time, a comprehensive and self-consistent analysis of the U (1) D model that will include the impact of bound states. We compute precisely the DM relic density, incorporating the effect of bound-state formation (BSF) and decay, which reduces the predicted DM coupling [54] . We analyze the constraints on the parameter space of the model that come from beam dump experiments, supernova cooling, DM direct detection and Big Bang Nucleosynthesis. Then we consider the most promising DM indirect detection probes: the gamma-ray signals from the Milky Way galactic halo and from dwarf galaxies, the antiproton measurements by the Ams-02 experiment and the anisotropies of the Cosmic Microwave Background (CMB). Recently, two related studies with some overlap with ours have appeared in the literature [62, 72] ; our results broadly agree with theirs, but our analysis has a wider scope, uses some different ingredients and points out new effects.
1,2 For more work related to the indirect 1 The main differences with [62] are the following. i) We take into account the effect of BSF on the DM relic density, hence on the DM coupling to the dark photon. ii) While they essentially focus their indirect detection analysis on γ-rays from the Galactic Center (GC), we employ a wider array of probes. iii) We avoid relying on the GC as it is a challenging region (where actually an excess is currently discussed) and therefore it is less suitable for deriving constraints. iv) We include the Inverse Compton Scattering component in the computation of the γ-ray spectra: this component significantly increases the flux at small energies, say 10 −2 times the DM mass, and it cannot therefore be neglected especially if one wants to derive constraints on DM as heavy as 10 to 100 TeV using the Fermi data that extend to hundreds of GeVs at most. We will come back on these points in detail in the following sections. 2 The very recent study in [72] differs from ours in that it does not consider our main topic, i.e. the formation of bound states, while it focuses instead on DM self-interactions. Moreover, we differ in some of the probes that we consider to derive limits: we do not rely on Ams-02 positron measurements (because they are based on an unknown detection of this kind of models, see also [64, [73] [74] [75] .
The rest of this paper is organized as follows. In section 2, we specify the details of the particle physics model, and we recall the main features associated with the formation of bound states. We also set our notation, and define the parameter space on which we focus. In section 3, we expand on the cosmology of the model. We detail the computation of the DM relic abundance, describe the cosmological evolution of the DM and dark radiation after freeze-out, consider constraints arising from BBN, and quantify how late decays of dark photons might dilute the DM abundance. In section 4, we present the constraints we obtain from indirect detection, based on gamma-ray measurements by Fermi and anti-proton searches by Ams-02, and the constraints we obtain from CMB, based on measurements by Planck. Finally, in section 5, we summarize and we present our conclusions.
Setting the stage
We consider DM in the form of Dirac fermions X coupled to a dark force U (1) D carried by a dark photon V D , that mixes kinetically with the hypercharge U (1) Y . The Lagrangian of the dark sector reads
where the covariant derivative for X is
The mass m V D of the dark photon field may arise either via the Stückelberg mechanism or a dark Higgs mechanism. In section 3, we shall indicate the differences in the cosmological evolution implied by the two mechanisms, whenever they arise.
Hence the parameters of the system are: M DM the DM particle mass, m V D the dark photon mass, α D = g 2 d /4π the dark fine structure constant and the kinetic mixing parameter. We will restrict to the case in which M DM > m V D , so that DM annihilations into two dark photons are always kinematically possible. As described in section 3.2, we will determine α D , with respect to M DM and m V D , by requiring that the observed DM density arises from the thermal freeze-out of the X fermions in the hidden sector.
Dark matter annihilation proceeds either directly into a pair of dark photons ( fig. 1 left)
or, in a two-step process, through the radiative formation of particle-antiparticle bound states,
and the subsequent decay of the latter ( fig. 1 middle and right)
In the interaction (3), the subscript s denotes the spin of the bound state that forms. Spin-singlet (para-) states, denoted by ↑↓, form 25% of the time; spin-triplet (ortho-) states, denoted by ↑↑, astrophysical background, at the origin of the positron rise), while they do not consider the Ams-02 antiprotons and the Fermi galactic halo measurements. Finally, the parameter space of their analysis is somewhat different from ours. We consider a larger range of dark photon masses (while they focus on light mediators), and point out important implications from the decay of the cosmological abundance of heavier dark photons. Figure 1 : DM annihilation directly into dark photons (left), and via the 2-step process of formation and subsequent decay of bound states (right), for the case of para-and ortho-configurations (top and bottom diagrams, respectively). The dark photons V D are produced on-shell and decay into SM particles via their kinetic mixing to the hypercharge.
form 75% of the time. 3 The spin of the bound state determines its dominant decay mode, namely into 2 V D or 3 V D , as seen in (4). The decay rates of the bound states read Γ ↑↓ = α
, so that within the parameter space of interest the decay lengths range from ∼ 10 −4 pc to many orders of magnitude below. Since this is rather prompt in astrophysical scales, the rate of radiative signals produced depends solely on the annihilation and BSF cross-sections. We discuss these cross-sections in section 2.1.
The dark photons V D produced in the processes (2) -(4) decay into SM particles via the kinetic mixing , with the decay rate and branching ratios that we discuss in detail in section 2.2. While the dark photons produced in (2) and (4) carry energy of the order of the DM mass, the dark photon produced in the BSF process (3) carries away only the binding energy and the kinetic energy of the X −X relative motion, ω (M DM /4)(α
M DM , where v rel is the relative velocity of the interacting pair in units of the speed of light c. Because of the larger astrophysical backgrounds at low energies, the constraints we derive in section 4 emanate solely from the decay products of the high-energy dark photons emitted in (2) and (4).
Annihilation and bound-state formation cross-sections
Bound states may form if the following conditions are met.
(i) The interaction carried by V D is effectively long-range, i.e. the inverse mass of the carrier is larger than the Bohr radius of the bound state The parameter space considered in this work. The dark fine structure constant α D is determined on this plane, by requiring that the observed DM abundance arises from thermal freeze-out in the dark sector. Below the dashed blue line, the Bohr momentum is larger than the mediator mass, and the interaction manifests as long-range: bound states exist and the Sommerfeld effect is significant. However, bound states can form radiatively only below the solid blue line, where the binding energy is sufficient for a massive dark photon to be emitted. Below the red dotted lines, the average momentum transfer is larger than the mediator mass, (M DM /2)v rel m V D , for typical velocities in Dwarf galaxies, the Milky Way and during chemical decoupling of DM from the dark photon bath in the early universe. (We use v rel = √ 2v 0 .) In this regime, the Coulomb approximation for the annihilation and BSF cross-sections is satisfactory.
This condition ensures the existence of at least one bound state, but also denotes the regime where the Sommerfeld effect is important.
(ii) The binding energy of the newly formed state is large enough to provide the mass of the emitted
Here we neglect the kinetic energy of the interacting particles, since v rel α D wherever BSF is significant. The condition (5b) is always more stringent than (5a).
In fig. 2 , we present the parameter space we focus on, and depict the conditions (5a) and (5b).
For our purposes, we shall consider only capture into the ground state, with principal and angular quantum numbers {n m} = {100}. Contributions from capture into higher-energy levels may give mild enhancements to the DM radiative signals, but are mostly subdominant either with respect to capture to the ground state, or with respect to annihilation, as explained in the discussion that follows. Moreover, the radiative capture to n > 1 bound states is kinematically possible for a more limited range of m V D than that defined by the condition (5b), by roughly a factor of n 2 . In the following, any BSF cross-section presented in equations or graphs corresponds to capture to the ground state, unless otherwise stated.
The (spin-averaged) annihilation and BSF cross-sections can be expressed as follows [69] 
where
DM is the perturbative value of the annihilation cross-section times relative velocity, and
is the phase-space suppression due to the emission of a massive dark photon in the capture process. Note that the factor 3 − s ps accounts for the contribution from the longitudinal dark photon polarisation. For a massless dark photon, s ps 1/2 (3 − s ps )/2 = 1. In the Coulomb limit of a massless dark photon, S ann and S BSF depend only on the ratio α D /v rel , and can be computed analytically (see e.g. [55] ),
For v rel > α D , BSF is very suppressed. However, in the regime where the Sommerfeld effect is important, v rel α D , both the annihilation and BSF cross-sections exhibit the same velocity dependence, σv rel ∝ 1/v rel , with BSF being the dominant inelastic process, σ BSF /σ ann 3.13.
4 The Coulomb limit of eqs. (8) is a satisfactory approximation provided that the average momentum transfer exceeds the mediator mass [69] ,
Note that this condition may hold, even if the phase-space suppression s ps in the case of BSF implies that the latter is suppressed or entirely disallowed. For m V D > 0, S ann and S BSF cannot be computed analytically. A detailed computation of the radiative BSF cross-sections for DM interacting via a Yukawa potential, and comparison with annihilation has been recently performed in ref. [69] (see also [62] ). Here, we summarise some features that are important for the DM phenomenology.
Resonances. Both the annihilation and the BSF cross-sections exhibit resonances, which emanate from the scattering (initial) state wavefunction, and occur at discrete values of the ratio of the Bohr momentum to the mediator mass, α D M DM /(2m V D ). These values correspond to the thresholds (maximum m V D or minimum α D M DM ) for the existence of bound-state levels. Since for a Yukawa potential, the bound-state energy levels depend both on the principal and the angular quantum numbers, n and , so do the thresholds for their existence. Thus, each -mode of the scattering state wavefunction exhibits a different spectrum of resonances that corresponds to the thresholds for the existence of bound-state levels of the same . 
10
-22 Angular momentum selection rules imply that (to leading order in α D and v rel ) the -modes of the scattering state wavefunction that participate in the two processes of interest, are different. The DM annihilation into two vector bosons (2) receives its dominant contribution from the = 0 mode. On the other hand, the radiative formation of the ground state (3), receives its dominant contribution from the = 1 mode; this orbital angular momentum of the initial state provides for the spin of the vector boson emitted in the capture process into the ground state (which has zero orbital angular momentum). Thus, the DM radiative signals include both = 0 and = 1 resonances. The resonance structure of annihilation and BSF can be seen in fig. 3 .
Velocity dependence.
Besides the resonances, the modes of the scattering state wavefunction that participate in a process determine the velocity dependence of the corresponding cross-section away from the Coulomb regime. At sufficiently low velocities, σv rel ∝ v 2 rel ; therefore, the annihilation cross-section saturates at a velocity-independent value, while the cross-section for capture into the ground state becomes v For our purposes, BSF is significant in Dwarf galaxies, in the Milky Way and during the chemical decoupling of DM in the early universe, within large portions of the parameter space where the radiative capture is kinematically possible. In fig. 2 , we circumscribe the parameter space where the Coulomb regime is attained, for the corresponding typical DM speeds (see below); in these regimes, the analytical formulae (8) may be used (although the phase-space factor appearing in eq. (6b) should still be properly taken into account). The transition from the Coulomb regime to the resonant regime, with increasing m V D or decreasing M DM , can be seen in fig. 3 . For the range of dark photon masses considered, BSF is unimportant during CMB, when the DM average speed is extremely low (cf. section 4.3).
Before moving on, let us specify here for reference the speed distributions we adopt. For the Milky Way and for dwarf galaxies, we consider a Maxwellian distribution with a cutoff at v = v esc ,
For the Milky Way, we take v 0 = 220 km/s and v esc = 533 km/s, which are appropriate values for the DM phase-space distribution in our galaxy (see e.g. [76] ). For dwarfs, we take v 0 = 10 km/s and v esc = 15 km/s, which are values inferred from the typical velocities of stellar tracers in the dwarfs we will consider later (see e.g. [77] ), increased by a factor ∼ 1.6 as prescribed by the empirical relations in [78] . For the CMB epoch, see the dedicated discussion in section 4.3. We note that, in the limit of v esc → ∞, the distribution of the two-particle relative velocity is also a Maxwellian with 5 Our discussion suggests that away from the Coulomb regime, the capture into the n = 2, = 1 bound states may become the dominant inelastic process. This is because the angular momentum selection rules imply that the = 0 and = 2 modes of the scattering state wavefunction participate in this process. At low velocities, due to the v 2 rel scaling described above, the contribution from the = 0 mode renders the capture into n = 2, = 1 states more significant than the capture into the ground state. However, the contribution from this mode alone is subdominant to the annihilation. We conclude that the formation of n = 2, = 1 states can be neglected, either with respect to the capture to the ground state (Coulomb limit, cf. footnote 4), or with respect to annihilation (except perhaps very close to = 2 resonances, which however cover very limited parameter space).
For a finite v esc , the v rel distribution is more complex. While we take this into account in our computations, the aforementioned relation between the average values of v and v rel is useful for estimations.
Dark photon decay
The kinetic mixing with hypercharge of eq. (1) implies that the dark photon mixes with both the SM photon and Z. This induces the following couplings between V D and the SM fermions f
. . ., so that the non-vectorial structure of the g f coupling is left implicit. Equation (10) makes it manifest that the V D couplings to SM particles are -suppressed, and that they are proportional to their electric charge for m V D m Z , and to their hypercharge for m V D m Z (i.e. when U (1) Y is unbroken). Of course, the expansion of eq. (10) is not valid for δ ∼ 1. In that limit, the V D couplings depend on the f quantum numbers as the Z boson ones. In our study, we use the full tree-level expressions for g f , that are valid also in the m Z ∼ m V D limit. The interested reader may find them in [79, 80] .
We compute the widths of V D at tree level 6 as
where N f = 1 for f = , ν and N f = 3 otherwise. We do not report the widths into W W and Zh, that even for m V D > 2m W , m h + m Z contribute less than ∼ 10% to the total V D width. In the interval Λ QCD < m V D < 5 GeV we cannot treat the light quarks as free particles, because QCD is strongly coupled and decays should be described in terms of QCD resonances. For example, in Pythia, which is the tool we use to produce all our spectra (cf. section 4), the decay τ − → ν τ π − is treated by an effective τ ν τ π vertex (see e.g. [81] ). We choose 5 GeV as the upper extreme of the interval dominated by hadronic decays, because Pythia has not been optimised for energies below that value, and we set the lower extreme to the reference value of 350 MeV. As customary (see e.g. [80, 82] for recent works), we determine the hadronic decay width from measurements of e + e − → hadrons. This process is dominated by γ * exchange, and therefore provides a good handle to describe the hadronic decays of our spin-1 V D initial state. The related V D decay width then reads
where we extract R(s) = σ(e + e − → hadrons)/σ(e + e − → µ + µ − ) from [80] , with √ s center-of-mass energy of the e + e − collision. To our knowledge, no tool has been developed that would allow to obtain, from the hadrons produced for Λ QCD < m V D < 5 GeV, the energy spectra of stable SM particles that we need in deriving our bounds (namely γ-rays, e ± ,p). However, the description can be simplified by observing that π + π − pairs largely dominate the final states from the decays of the resonances produced in V D → hadrons (see e.g. [82] [83] [84] ). Since BR(π ± → µ ± ν µ ) > 99.9%, the final states from those hadrons are then dominated by µ + µ − and ν µνµ pairs, up to a very small fractions of other SM particles, like photons from π 0 decays. Therefore we employ the following approximation: we assume that half of the hadronic width consists in the µ + µ − final state, and the other half in the ν µνµ one. The resulting energy distribution of final muons is then less broad, and peaked at somehow larger energies, than the one that would arise from following properly all the steps of the various hadronic cascades (see e.g. ref [85] , which discusses the analogous case of multistep cascades of a hidden sector). We believe our approximation to be nonetheless sufficient for our purposes. On one hand, the interval of m V D in which these subtleties are relevant is only a portion of the much larger range which we consider. On the other hand, even within this interval, i) the CMB constraints are not affected, because they are not sensitive to the number of steps of a cascade [85] ; ii) our constraints may be taken as possibly slightly aggressive for M DM 100 GeV, since enhancing the lower energy γ's from µ showers, at the expense of higher energy γ's, would typically bring the resulting spectrum below the Fermi sensitivity; iii) the treatment chosen affects mildly a region that is anyway excluded by CMB.
To summarise, we compute the V D branching ratios to SM particles at tree level outside the 'hadronic decays' interval 350 MeV < m V D < 5 GeV, where instead we extract the light hadrons width from measurements of e + e − → hadrons at colliders. We then assume this width to consist in half µ + µ − and half ν µνµ pairs. The resulting BRs, that we use in the rest of this paper, are displayed in fig. 4 .
Constraints on the kinetic mixing 2.3.1 Supernovae and beam dump experiments
We summarize here the constraints on the kinetic mixing that are independent of the existence of any dark sector state other than V D , focusing on the region 10 −3 . We refer the reader to [86, 87] for recent reviews.
Supernovae (SN). Light dark photons with a mixing parameter in the approximate range 10 −10 − 10 −6 are constrained by the neutrino spectrum observed [88] [89] [90] after the explosion of supernova SN1987A, see [91] [92] [93] [94] [95] for recent works. According to the standard argument [96] , the cooling of the SN core becomes more efficient if enough SM photons from the explosion oscillate into V D (which requires a minimum value of ), and if enough V D escape the supernova without further interacting nor decaying (which implies a maximum value of ). Supernovae observations can thus exclude a finite band of values. The most updated analyses have been carried out in ref. [94, 95] , where the plasma effects of finite temperature and density have been included for the first time. The results of the two analyses appear to be in reasonable agreement, and for definiteness we show the fiducial exclusion from [94] as a red shaded region in fig. 5 . To give a sense of possible theoretical errors, we also show with a thicker red line the contours of the region that the authors of [94] name 'robustly excluded', and that they find to be disallowed irrespectively of the details of their modelling. Finally, we show in thin red the contour of the region that is excluded by the analysis of ref. [92] , from the non-observation of a photon excess at the SMM Gamma-Ray Spectrometer [97] , that would be caused by the dark photons escaping the inner part of the SN. Since the latter bounds do not include potentially important effects [94, 95] we do not shade the related area, in order to be conservative.
Beam dump experiments. They consist of a high-intensity beam of particles sent on a fixed target, and a detector placed somewhat far from the target. They can constrain dark photons in the MeV to GeV range, for ∼ 10 −8 − 10 −2 . When an electron beam hits the target, dark photons can be produced via bremsstrahlung, pass a shield that screens the SM background, and be detected via the leptons they decay into. The events expected from the dark photons have been computed in refs. [98, 99] , and the limits derived from the E137 [100] , Orsay [101] , E141 [102] and E774 [103] data produce some of the gray shaded area in fig. 5 . When a proton beam hits the target, dark photons can be produced both directly from the proton-target scattering, and from the decays of hadrons produced in the same scattering, as originally envisioned in ref. [104] . Detectors can then collect leptons from the decays of those dark photons that have travelled long enough. Neutrino experiments fit into this category [105] . Among them, the reinterpretation of Lsnd [106] [107] [108] , Charm [109, 110] and ν-Cal I (at the U70 accelerator) [111, 112] data contributes to the excluded gray shaded area in fig. 5 .
Direct Detection
Direct detection aims at revealing the tiny nuclear recoils produced by DM particles scattering off target nuclei in underground experiments. In the non-relativistic limit, the differential cross section can be computed from the interaction Lagrangian in eq. (10) . For δ → 0, 7 it reads [113, 114] 
where m T and Z T e are the mass and the electric charge of the target nucleus T respectively, and α em = e 2 /4π is the fine structure constant. Here, F Helm is the Helm form factor [115, 116] related to the charge density of the nucleus.
As is evident, eq. (13) exhibits two regimes: i) for m V D 2m T E R , the interaction is contacttype, and for a fixed value of M DM the differential cross section scales like 2 /m 4 V D
; ii) for m V D 2m T E R , the interaction manifests as long-range, and the cross section is independent of m V D . For a given M DM , the differential cross section is simply proportional to 2 . Considering typical target nuclei (m T 100 GeV) and recoil energies (E R 1 keV) in direct searches, the transition regime occurs for m V D 15 MeV. Recent analysis of the phenomenology in direct detection of DM models with long-range DM-nucleus interactions can be found e.g. in [117] [118] [119] [120] .
Having at our disposal the scattering cross section, the rate of nuclear recoils, expressed in cpd (counts per day) per kilogram per keV, is then
where ξ T is the mass fraction of different nuclides used in direct detection, ρ = 0.3 GeV/cm 3 is the local DM energy density and f E ( v) is the DM speed distribution in the Earth's frame. In the velocity integral, v min (E R ) is the minimal speed for which DM particles can provide a given recoil energy E R . v esc refers of course to the Milky Way's escape speed.
Since the cross section in eq. (13) is independent of the nucleus spin, we derive bounds on the relevant parameter space of the model considering the most sensitive detectors for spinindependent DM-nucleus scattering. More specifically, for M DM 3 GeV we use the latest Lux WS2014-16 run [121] to set limits, while for M DM 3 GeV we derive bounds from the Cresst-II experiment [122] . We follow the procedure of [123] described in Appendix B.2 (Lux) and B.3 (Cresst-II), where the reader can find more details. the bounds come solely from Lux, since the Cresst-II detector is not able to probe this region of the parameter space, mainly due to its lower exposure with respect to Lux. For larger , Cresst-II becomes relevant for light DM (M DM 3 GeV).
Summary
We have illustrated the constraints of this section in fig. 5, adding 
Cosmology

Brief history of the dark sector
We shall assume that some unspecified high-energy interactions brought the dark sector plasma in thermal equilibrium with the SM particles at some high temperature, and that these interactions decoupled early, leaving the dark sector at the same temperature as the SM plasma,T =T SM =T D , when all of the SM degrees of freedom where kinetically coupled to the photons. We also assume that at that common temperatureT , DM and the dark photon provided the only relativistic degrees of freedom in the dark sector. Beyond this point, the temperature of the dark photons T D is in general different from the temperature of ordinary photons T SM . However, T D (and the DM temperature T X , whenever different) can be computed with respect to T SM by following the cosmology of the two sectors. This is the goal of this subsection. Determining T D and T X is important for the computation of the DM relic density, the estimation of dark photon cosmological abundance and the associated BBN constraints, and for the late-time DM annihilation and the resulting CMB constraints. We summarise some important events that determine the late-time cosmology in table 1. [124] . Since obtaining the observed DM density from freeze-out in the dark sector sets approximately [54] , the equilibration condition simplifies roughly to 10 −6 , becoming slightly stronger at M DM TeV. For a large portion of the parameter space considered here (roughly for M DM few GeV and m V D GeV), the constraints on imposed by direct detection and other experiments preclude the possibility that the two sectors equilibrate via (cf. fig. 5 ). Moreover, the reach of the indirect probes extends down to 10 −6 . In order to not curtail the applicability of the indirect detection constraints of section 4,
The dark plasma is in thermal equilibrium with the SM plasma.
The annihilation processesXX ↔ 2V D freeze-out; the DM density departs from its equilibrium value.
The energy transfer via X V D ↔ X V D becomes inefficient. DM kinetically decouples from the dark photons.
The DM temperature transitions from T X = T D ∝ 1/a to T X ∝ 1/a 2 scaling. (a: scale factor)
The dark photons decay.
The dark photons would dominate the energy density of the universe, had they not decayed. Dark photons. The dark photons are the last particles in the dark sector to become nonrelativistic. So long as the dark sector contains relativistic species, T D can be easily computed with respect to T SM by invoking the conservation of the comoving entropy in each sector separately.
As is standard, we find
where g SM and g D stand for the relativistic degrees of freedom in the SM sector and the dark sector respectively, andg refers to their values at the common temperatureT . After the dark photons become non-relativistic, at T D ≈ m V D /3, their momentum redshifts as p ∝ 1/a, where a is the scale factor of the universe, and their distribution resembles a thermal one with temperature that now scales as T D ∝ p 2 ∝ 1/a 2 . Since no interactions that can change the dark photon number are in equilibrium, the dark photons develop a non-zero chemical potential. Both their comoving number and entropy are conserved. that we shall estimate below. After the kinetic decoupling, the momentum of the DM particles redshifts as p ∝ 1/a. and for simplicity, we shall adopt the same assumptions -described in the previous paragraph-for the decoupling temperature of the two sectors, in the entire parameter space considered. 9 We recall that for a non-relativistic species of mass m, with non-zero chemical potential µ, at temperature T , the number and entropy densities are n = g[mT /(2π)] Their population continues to resemble an equilibrium distribution, with a chemical potential that evolves to reflect the conservation of the particle number, and a temperature that scales as T X ∝ p 2 ∝ 1/a 2 (and departs from the temperature of the dark photons, if the latter remain relativistic at that time).
Putting the above considerations together, we conclude that the DM temperature is
where the temperature T trans D marks the transition from the T X ∝ 1/a to the T X ∝ 1/a 2 scaling, that occurs either when DM decouples kinetically from the dark photons, or when the dark photons become themselves non-relativistic, whichever happens first,
In eq. (16), z denotes the redshift. We determine z trans from the conservation of entropy in the SM sector, g SM T
0 , where the index "0" refers to today's values, as typical. Using also eq. (15), we find 1 + z trans = (T
. We shall takeg SM = 106.75 to account for all the SM degrees of freedom,g D = 7 to account for the massive dark photon and the DM degrees of freedom, and g
We shall use eqs. (16) and (18) (dρ/dt) < H, where ρ X,kin (3/2)T D n X is the DM kinetic energy density, and H is the Hubble parameter. Putting everything together, we find that the kinetic decoupling occurs at T , we need not repeat the calculation for non-relativistic dark photons. We conclude that
where we estimate r trans ∼ 0.6 − 1 using eq. (15) . (For a more precise treatment of the kinetic equilibrium and decoupling, see ref. [125] .)
Dark photon mass generation. In the discussion above, we have not been concerned about the generation of the dark photon mass. If m V D is generated via the Stückelberg mechanism, then the dark photon is massive throughout the cosmological history. However, if the dark photon obtains its mass via a dark Higgs mechanism, then it becomes massive only after a U (1) D -breaking phase transition takes place. We estimate the temperature of the latter to be T This would alter T D at the time of DM freeze-out, and hence the required annihilation cross-section, only by ∼ 5%. Moreover, it would not change significantly the expansion rate of the universe, which is driven mostly by the SM degrees of freedom at all times. Our results, produced under the assumptions described above, are thus valid for both the Stückelberg and the Higgs mechanisms.
Relic abundance
We determine the dark fine structure constant α D by requiring that the observed DM abundance is attained after the thermal freeze-out of DM from the dark photon plasma. For large m V D , the interaction between DM and dark photons is contact-type, and σ ann v rel σ 0 is velocity independent. As is standard, the predicted value for σ 0 is then essentially independent of the DM mass, 10 thus setting α D ∝ M DM (as it trivially follows from the definition of σ 0 in sec. 2.1). However, in the parameter space where the condition (5a) in satisfied, the annihilation processes are Sommerfeld enhanced. This affects significantly the DM relic density for M DM TeV [32] . More recently, it was shown that, in the same mass range, the formation and decay of particleantiparticle bound states depletes significantly the DM abundance [54] , thereby reducing the predicted α D further.
We follow the analysis of ref. [54] , to determine the dark fine structure constant α D . We perform our calculations in the Coulomb regime, using eqs. (8) to determine the annihilation and BSF cross-sections, and we verify a posteriori that this is a satisfactory approximation (cf. appendix A). We compute α D in two different cases: first, considering the DM direct annihilation only, and then considering both direct annihilation and bound-state formation and decay. The latter requires solving a set of Boltzmann equations that capture the interplay of bound-state formation, ionisation and decay processes [54] . However, for a massive dark photon, BSF is not always kinematically allowed. To account for this kinematic cutoff and the phase-space suppression, in our calculations of the various DM interaction rates throughout our work, we adopt the former computation of α D when s ps 1/2 (3−s ps )/2 < 0.5, and the latter when s ps 1/2 (3−s ps )/2 > 0.5, where s ps is defined in eq. (7) [see also eq. (6b)]. Figure 6 (left panel) shows α D as a function of the DM mass.
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Note that α D may be lower than estimated here, if in the early universe the dark sector was at a significantly lower temperature than the SM plasma. This would imply overall more relaxed direct and indirect detection constraints, as well as weaker DM self-interactions. However, a significantly colder dark sector requires either a large number of yet unknown particles with sizeable couplings to the SM, whose cosmological decoupling increased the entropy of the SM plasma after its decoupling from the dark sector, or appropriate initial conditions set by inflation and absence of any interactions that would equilibrate the two sectors (see e.g. [128] ). We do not explore this possibility further in this paper.
Phenomenological implications of the BSF effect on the DM density. Neglecting BSF in the determination of the DM relic density overpredicts α D by about (15 − 55)% in the DM mass range (5 − 100) TeV. This overestimates the direct detection constraints on the DM-nucleon cross-section, and consequently on 2 , by the same amount. The effect on the DM annihilation and BSF cross-sections relevant for indirect searches and CMB constraints, is greater. In the Coulomb regime, which pertains to much of the parameter space of the model for indirect searches in the Milky Way and the Dwarfs (cf. fig. 2 ), as well as at non-resonant points away from the Coulomb regime, the inelastic cross-sections scale as σ ann, BSF ∝ α 3 D . Then, the overestimation of the expected indirect detection signals ranges from 50% up to a factor of ∼ 4, in the same DM mass interval. The discrepancy is also stark at resonant points, which appear at discrete values of α D M DM /(2m V D ), as described in section 2.1; the overestimation of α D implies that the resonances would be expected to occur at lower M DM values. These effects are depicted in fig. 6 (right panel) . 10 A step-like variation at M DM 10 GeV arises due to the decoupling of the QCD degrees of freedom during freeze out (see e.g. [126] ).
11 While in fig. 6 we present our results only for M DM 100 GeV, we carry out our computations for the entire mass range considered in this work, 1 GeV M DM 100 TeV. We note that we improve with respect to the computation of ref. [54] , by taking into account the variation of the dark-to-ordinary plasma temperature ratio, due to the decoupling of the SM and DM degrees of freedom, according to eq. (15) . See ref. [127] for the Boltzmann equations in terms of the dark sector temperature. .03s above border to the right), or their cosmological abundance is not significant (above border to the left). The disfavoured area is a rough estimate only (see text for discussion). For large m V D and small , the decay of the dark photons injects significant entropy in the universe and dilutes DM. The solid orange lines indicate the estimated dilution factor. In this regime, α D should be significantly lower than estimated, in order for the dark fermions to account for the observed DM abundance. This would relax the CMB and indirect detection constraints.
BBN constraints
The cosmological abundance of dark photons freezes-out essentially at the time of DM freezeout, when the interaction that can alter their number become inefficient. After the dark photons become non-relativistic, they may dominate the energy density of the universe, and cause cosmological problems. In particular, they may inject a large amount of entropy if they decay around or after BBN, and/or shift the time of matter-radiation equality. Here, we estimate the constraints implied by these considerations.
Assuming they were relativistic at the time of DM freeze-
, the ratio of the dark photon number density to SM entropy density was
where r f.o. is the dark-to-ordinary temperature ratio at the time of DM freeze-out, computed according to eq. (15), and we used g
From eq. (20), we estimate f V D ∼ 0.02. In the absence of decay, the dark photons are set to exceed a fraction f of the energy density of the universe when
An early time of matter domination induced by dark photons, is not in conflict with late-time cosmology, provided that radiation domination is re-established before BBN. We shall thus require that the dark photons either decay before BBN, or that their energy density does not exceed a critical fraction f of the energy density of the universe prior to their decay,
where τ V D is the dark photon lifetime computed according to section 2.2, and H(T (22) is illustrated in fig. 7 . We have taken f ∼ 0.5 and τ BBN 0.03 s. This choice of τ BBN is motivated by the known BBN constraints on dark photons; our disfavoured region encompasses all the parameter space that was excluded by a proper BBN analysis in ref. [129] , under minimal assumptions about the dark photon cosmological density. In the our case, the dark photon primordial density can be significantly larger. Nevertheless, the effect of dark photon decay on BBN is intricate, and depends not only on the dark photon energy density and decay rate, but also on their mass, which determines their decay channels, and possibly on other details [129] . Our constraints are thus a rough estimate only; it is possible that some parts of the parameter space close to the border of the disfavoured region are in fact allowed. The derivation of more precise BBN constraints is beyond the scope of our work.
The above constraints are evaded if the dark photons are sufficiently light. In this case, their energy density redshifts as radiation sufficiently long and does not become significant by the time of matter-radiation equality. Then, the dark photons eventually make up only a subdominant component of DM (or radiation, if extremely light or massless). Requiring that T dom SM T eq 0.8 eV, we find that this occus for m V D 15 eV. This is the equivalent of the GershteinZel'dovich/Cowsik-McClelland bound [130, 131] , adapted to our setup.
Entropy production from dark photon decay
If the dark photons decay before BBN, but after they constitute a sizeable fraction of the energy density of the universe, i.e. if H(T
τ V D τ BBN , their decay generates significant entropy, which dilutes any decoupled relic, including DM. We may estimate the dilution factor using the simultaneous decay approximation, and invoking the conservation of energy before and after the decay (see e.g. ref. [132] ),
where f V D has been estimated in eq. (20) . The entropy densities are
where in eq. (24a) we have accounted both for the SM sector and the dark photon entropy densities (see footnote 9). We determine the temperatures T before SM and T after SM from eqs. (23), and estimate the dilution factor to be Figure 7 shows that the dilution can be very significant for m V D 1 GeV and small . 12 In this event, the X fermions can account for the observed DM density only if they freeze-out with a significantly larger abundance. This requires a smaller α D than that estimated in section 3.2 in the absence of any excessive entropy production, which in turn implies overall smaller annihilation and BSF cross-sections at late times, thereby relaxing the CMB and indirect detection constraints. The possibility of a significant late entropy injection in this model has already been pointed out in ref. [133] , which however focused on a different region of the parameter space. We leave a more detailed study of the implications of this effect for future work.
Constraints from indirect DM searches and the CMB
In this section we move to the indirect detection probes of the model outlined above. In the commonly assumed sense, indirect detection strategies aim at revealing excesses and features in cosmic ray fluxes collected at Earth, which could be ascribed to DM annihilations. The searches focus in particular on regions where DM is most dense or where the astrophysical backgrounds are particularly reduced. Here we concentrate on three indirect detection probes: gamma ray searches with the Fermi satellite in the Milky Way galactic halo and in dwarf spheroidal galaxies (section 4.1) and antiproton searches with the Ams-02 experiment (section 4.2).
In a broader sense, the CMB is also a powerful indirect probe, since it is sensitive to DM annihilations into SM particles at the time of recombination. Such annihilations inject energy in the plasma, causing ionisation and heating of the medium, production of low energy photons, etc. Ionisation is particularly important: the increased amount of free electrons affects the CMB anisotropies, and makes them potentially inconsistent with observations (see refs. [134] [135] [136] [137] [138] for the first DM studies using Wmap data).
The compilation of the constraints that we derive in this section is presented in fig. 11 .
As mentioned in the introduction, DM bound states will annihilate into 2 or 3 dark mediators V D , depending on the spin state. In turn, V D decays into pairs of SM particles such as e + e − , µ + µ − , light quarks and heavy quarks, according to the BRs discussed in detail in section 2.2. Such SM states will then shower and hadronise, when applicable, producing fluxes of stable particles (γ-rays, e ± andp) which can be compared meaningfully with the observations in gamma-rays and antiprotons. We take these spectra from the detailed work in [85] , where they are provided for a variety of channels and for a large range of masses. Their results are based on previous Pppc4dmid and Pythia computations. 13 A few technical comments are however in order. i) While the provided spectra are computed for the case of scalar mediators, they can also be adopted for the case of vector mediators in which we are interested, as discussed in particular in [51] . ii) The spectra for the decay of spin-singlet states in 2 V D are given explicitly, while those for spin-triplet states in 3 V D have to be approximately derived. As discussed in detail in [85] , the direct decay into 2n SM states is roughly equivalent to the decay via an n-step cascade, at least for n = 1, 2. We therefore determine the spectra for our 3-step cascade by averaging the n = 1 and n = 2 spectra, and verify that, for our purposes, this is effectively the same of taking the n = 2 spectra. We further check, in specific cases, that our averaged spectra are in very good agreement with those obtained by the analytical form given in ref. [85] (eq. (A4) therein). iii) The spectra from [85] are parametrized in terms of the quantity 2 m SM /m V D (with m SM the mass of the outgoing SM 12 Note that because in reality, the entropy injection from the dark photon decay does not reheat the universe, but it rather makes it cool more slowly [132] , the shaded region with large dilution factor in fig. 7 cannot be un-excluded by claiming that the temperature is reset to a pre-BBN value. 13 The numerical results are also linked from the Pppc4dmid website.
particles, if non vanishing), within a limited range: when needed (e.g. for large m V D ) we will linearly extrapolate the spectra and check the consistency of the procedure. iv) The spectra for light quarks are not provided in [85] : we use the ones for gluon pairs, given their close similarity. Such spectra are given for m V D ≥ 10 GeV so we extrapolate down to 5 GeV, below which we adopt the refined treatment discussed in section 2.2. For the CMB, the impact on the medium depends on the fraction f of the injected power (the products of DM annihilation) that is actually deposited in the environment and thus matters for reionisation. This 'efficiency factor' f is, in general, a function of the DM annihilation channel, the injection energy, and the injection redshift z. Reference [139] demonstrated however that it is possible to account for the redshift dependence with a constant effective function f eff , and allowed to compute such a function for a wide set of injection energies (i.e. DM masses) and arbitrary annihilation channels. We will use this quantity in the following.
Gamma-ray searches
Dwarf spheroidal galaxies (dSphs). These objects are among the best targets to look for DM signals with gamma-ray observations. So far, no evidence for an excess of photons over the background has been found. This allows to set stringent constraints on the DM annihilation crosssection. For this purpose, we follow closely the analysis performed by the Fermi collaboration, which is based on the observation of 15 dwarf galaxies in the energy range 500 MeV-500 GeV [140] . The statistical analysis is performed as follow.
For each target, the likelihood L i (µ, J i |D i ) depends on the gamma-ray data, D i , the parameters of the model µ (i.e. the particular point in the (M DM , m V D ) parameter space under consideration) and the so-called J-factors J i . The latter quantities correspond to the integral of the square of the DM density profile in the window of the observation. These parameters, specific for each dwarf galaxy, are needed to determine the DM fluxes. For each dwarf galaxy, Fermi provide the likelihood in different energy bins as a function of the integrated signal flux. Thus, for a given point µ in the parameter space and choice of J i , we compute the DM flux in each energy bin and determine the corresponding likelihood. Then, we simply multiply these likelihoods for all the energy bins in the analysis. This gives the likelihoodL i (µ, J i |D i ). The total likelihood L i (µ, J i |D i ) is obtained multiplying by an additional contribution:
This method allows to take into account the uncertainty on the determination of the J-factors. We take the measured values J obs,i and uncertainties σ i from [140] . Finally, we combine the likelihoods of all the 15 dwarf galaxies and treat the J-factors J i as nuisance parameters. We can then determine the regions of the parameter space excluded at 95% CL performing a test-statistic, comparing the likelihood with and without the DM signal. We recall that the annihilation and BSF cross-sections are computed by averaging over the speed distribution of DM inside the dwarf galaxies as described in sec. 2.1.
Our results are shown in fig. 8 be isolated comparing the lighter and darker regions of fig. 8 , left. The inclusion of this effect rules out an additional region of the parameter space (2 M DM 5 TeV).
Milky Way galactic halo (GH).
We derive another set of constraints from Fermi observations of the diffuse gamma-ray emission from our Galaxy. The strategy that we adopt is based on the analysis in [141] . We consider two mid-latitude regions of interest (RoI 12 and 24 in [141] ) defined by | | < 80
• and 5
• ) for the region 12 (24), with and b the galactic longitude and latitude. We model the astrophysical emission inside these RoIs as a superposition of different templates. We include i) the emission from the interactions of the cosmic-rays with the interstellar radiation field and the gas, ii) a template for point sources, iii) a template for the so-called 'Fermi bubbles' and iv) the isotropic gamma-ray background. For the DM signal we include both the primary gamma-rays produced by the decays of the dark photon and the Inverse Compton secondary emission (for this purpose we use the tool in [142, 143] ). We derive constraints on the model comparing the signal and the background fluxes in the RoIs with Fermi observations. We exclude the points with ∆χ 2 > 9 with respect to the background-only hypothesis. We refer to [141] for further details. As explained in [141] , we limit our analysis to energies above ∼ 1.5 GeV, since only for these energies our background model provides a reliable description of the diffuse emission. We average the annihilation and BSF cross sections considering the Maxwellian speed distribution described in sec. 2.1.
The results are shown in fig. 8 right. Some features are common to the constraints from dwarf galaxies, for instance those associated to the resonances of the annihilation cross-section. Light DM candidates are not excluded mainly for two reasons: the cross-section (at fixed value of m V D ) decreases at smaller masses and we are focusing on gamma-ray energies above 1.5 GeV.
Including the formation of bound states in the analysis allow to rule out an additional region of the parameter space at M DM ∼ 1.5 − 10 TeV.
Antiproton searches
The antiproton component in cosmic rays has been recognized since decades as a potentially important channel for DM searches. The recent release [144] of high-precision data by the Ams-02 experiment concerning the antiproton flux and antiproton to proton ratio has on one side strengthened the relevance of antiprotons and on the other side pointed to a need for a better determination of the astrophysical background (called 'secondary antiprotons'). At the moment, such background can explain the data, within the rather large uncertainties, without the need for an additional exotic component.
14 Hence, it remains meaningful to derive constraints based on antiprotons with the best tools currently at disposal.
We follow closely the analysis strategy of [151] , which in turn builds on [152] . We just recall here the most important features. Ams-02 has measured the flux in an energy range that extends from 1 to 450 GeV. Thep/p ratio, which we will use for consistency with [151] , shows a very good agreement with the predicted astrophysical background up to about 50-100 GeV and then remains rather flat in energy. The data can be reasonably well fit with secondaries assuming a Max galactic propagation scheme and adapting the normalization and the impact of solar modulation within the uncertainties (we refer to [151] for any further detail). For the DM contribution, we choose for definiteness an Einasto profile for the distribution in the MW galactic halo and we include all the relevant propagation phenomena as discussed in [152] . By requiring that the DM contribution does not worsens the secondary-only fit by more than ∆χ 2 = 9, we can derive conservative DM bounds.
The constraints that we obtain are reported in fig. 9 . With respect to the other probes that we consider, they cover smaller areas, necessarily located above m V D 2m p where antiproton production from V D decays is kinematically allowed. More precisely, the excluded region consists of two separate areas. The low mass one, for M DM 200 GeV, corresponds to the case in which the DMp flux falls in the high precision part of the Ams-02 data: even a small DM component is constrained by the small experimental error bars. The high mass one (300 GeV M DM 3 TeV) corresponds instead to the case in which the large enhancements of the resonance peaks in the annihilation cross-section imply a large DM flux and therefore an overshooting of the measurements.
We notice that the constraints in the low mass area rule out certain models which have been put forward to explain the GC GeV excess, featuring a DM with a mass around 30-50 GeV and dark photons heavier than 1 GeV (see e.g. [45, 47] ). While we caution that this is a complex region, where significant astrophysical uncertainties come into play [151, 153] and that would therefore require a dedicated study, we find it worthwhile to stress for the first time that the Ams-02 antiproton data have the power to test this portion. Naturally, models for the GC GeV excess where m V D 1 GeV remain unconstrained.
The impact of adding the formation of bound states is limited for antiprotons: only a small additional region around M DM 7 TeV, m V D 7 GeV is excluded. This is not surprising: antiproton constraints necessarily appear only for m V D 2m p and bound state formation only occurs to the right of the solid blue line, thus restricting the applicable area only to the upperright portion of the parameter space. On the other hand, for DM masses larger than ∼10 TeV the constraints quickly lose power because the maximal energy of the Ams-02 data and because the annihilation cross section decreases.
CMB constraints
Bound on the annihilation cross section. We base our DM constraints on the recent detailed analysis of ref. [139] (itself based on the inputs of [154] ), and on the Planck measurements of CMB anisotropies [155] . We take f eff from [139] , and use it in conjunction with the bound of ref. [155] , to derive constraints on our parameter space. We shall require that SM=ēe,μµ,...
where we remark that CMB bounds are insensitive to the number of steps of the cascade [85] , in contrast to the indirect detection bounds of sections 4.1 and 4.2. In eq. (26) σ tot v rel accounts for all processes via which DM annihilates. It depends, in general, on the DM speed distribution, and should be evaluated at the redshift that affects the ionisation of the medium most strongly. The effect on the ionisation has been shown to peak at z ∼ 600 and extend down to z ∼ few hundred [156] . We need therefore to determine the DM speed distribution at those redshifts.
Dark matter velocity around CMB. The DM temperature at redshifts relevant to CMB can be found from eqs. (16) , (18) and (19) . It indicates a Maxwellian DM speed distribution with central value v 0 = 2T X /M DM , where
Note that we have assumed a sharp transition between the T X ∝ 1/a and T X ∝ 1/a 2 scalings, which is more than sufficient for our purposes. As always, for the relative velocity of the DM particles, we use v rel,0 = √ 2 v 0 .
Annihilation cross section. We now turn to the evaluation of σ tot v rel entering the constraint (26) .
For the range of DM velocities indicated by eq. (27) and the range of DM and dark photon masses we consider in this work, only the direct DM annihilation contributes, while BSF is extremely suppressed due to its σ BSF v rel ∝ v 2 rel scaling at low velocities, discussed in section 2.1. Hence, σ tot v rel σ ann v rel .
Because v 0 is very low, the amplitude of the S ann resonances is very large, and their numerical calculation is impractical. We use instead a standard analytical approximation obtained by replacing the Yukawa with the Hulthén potential,
. Then, the Sommerfeld enhancement factor is (see e.g. [157, 158] )
While S H is a good approximation off-resonance, it does not reproduce the precise position of the resonances of the Yukawa potential [157] , beyond the first one, whose position we can define. Indeed, we choose m * = 1.68 m V D , such that the first resonances of the Yukawa and the Hulthén potentials coincide. 16 Despite the discrepancy in the location of the higher resonances, the Hulthén potential reproduces correctly the fact that they become denser at increasing values of α D M DM /m V D , and is overall sufficient for our purposes.
It is well-known that at very low velocities, the growth of the resonances of the Hulthén (or the Yukawa) potential is unphysical, a fact that is manifested by the apparent violation of the unitarity limit on the inelastic cross-section. We use the prescription of ref. [159] to ensure that the resonant growth is curtailed below the unitarity limit. For this purpose, we replace the Sommerfeld enhancement factor S H with S reg H , where
In the parameter space of interest, σ ann v rel is well within the saturated regime, i.e. it is independent of v rel . It is then consistent to use the constraint (26) , which applies to a velocity-independent σv rel . Moreover, the precise value of the speed around z ∼ 600 is unimportant, and there is no need to average over the DM speed distribution. 15 For the other indirect detection analysis in this section, we instead calculate S ann fully numerically, using the Yukawa potential.
16 This is slightly different from the more common choice found in the literature, m * /m V D = π 2 /6 1.64 [157] . 17 Setting w ≡ (σv rel )/(σ uni v rel ) and w reg ≡ (σ reg v rel )/(σ uni v rel ), where σ reg is the regulated cross-section and σ uni is the unitarity limit, this prescription can be re-expressed more generally as w reg = w/(1 + w/4) 2 , which shows clearly that w reg < 1 for any w. Note that the prescription is valid for s-wave annihilation only. [85, 139] . We complement them by considering the dark photon mass as an explicit parameter and combining the different annihilation channels as dictated by the actual branching ratios of V D . For m V D 1 GeV and M DM 1 TeV, our inclusion of BSF in the DM relic density computation is important, because it alters the predicted α D with respect to a calculation that includes annihilation only (see section 3.2). This, in turn, affects the position of the resonances (which is, however, difficult to visualize because they are very dense), but mildly so on the overall size of the excluded area.
Conclusions
Dark U (1) sectors are ubiquitous in beyond-the-Standard-Model physics, ranging from stringtheory constructions to supersymmetric extensions, and models with phenomenological motivation. Such sectors often involve stable particles that may have been produced with cosmologically significant abundances in the early universe, and make up part or all of the DM today. In this work, we considered DM as a Dirac fermion coupled to a dark U (1) D force, and carried out a comprehensive study of its phenomenology. As with all relics from the early universe, the phenomenology of DM today depends on the preceding cosmology. For the first time in the literature, the present work incorporates selfconsistently, in the cosmology and the phenomenology of this model, effects that had been previously only separately considered. In particular, we accounted for the effect of bound states on the DM relic density -thus on the estimated dark sector couplings-and computed direct and indirect detection constraints on the model parameters.
Our main points can be summarized as follows:
We identify the regions of the parameter space of the model in which bound state formation is relevant (section 2.1) and quantify precisely its impact. In these regions, BSF increases the total effective annihilation rate and therefore allows to obtain the observed DM density with a lower dark coupling. Neglecting the effect of BSF on the relic density can result in an error up to a factor of ∼ 4 in the expected signal strength, for a given DM mass.
Despite the decrease in the predicted coupling, the expected indirect detection signals are increased, due to the BSF contribution, leading to the exclusion of additional regions of the parameter space (see figs. 8 and 9).
We detailed the cosmological history of the dark sector, and estimated the constraints implied from not disrupting BBN and changing the time of matter-radiation equality (section 3.3). These constraints complement the direct and indirect detection ones, as they put a lower bound on the coupling between the dark sector and the SM, and imply that this coupling may be vanishingly small only for very light (eV-scale) or massless dark photons, whose density is redshifted away by the expansion of the universe. Bounds from extra radiation during CMB are instead less constraining [155] (see ref. [160] for related discussion).
MeV -GeV dark-photon masses, which are relevant for the leptophilic realizations of the model, are highly constrained by the combined cosmological, direct and indirect detection bounds for any DM mass in our range (see figs. 5 and 11). This sub-GeV dark-photon mass range has also been invoked in the context of self-interacting dark matter. The bounds could be evaded if the dark photons are very light or massless, m V D 15 eV (see e.g. [161, 162] ), and/or DM possesses a particle-antiparticle asymmetry [57, [163] [164] [165] , or perhaps if the dark plasma never thermalised, i.e. no significant cosmological abundance of dark photons was produced, while DM was populated due to pair-production processes by the SM fermions via the kinetic mixing of the dark photon to hypercharge (freeze-in) [124, 166] .
Dark photons heavier than 1 GeV are somewhat less constrained in the context of the present model, with the antiproton measurements and the CMB being the most powerful probes in this regime. The antiproton bounds put under strain models that explain the GC GeV excess in terms of 40 GeV DM coupled to heavy (above GeV) dark photons (although astrophysical uncertainties make a definite statement challenging).
In the multi-GeV dark photon region, the indirect detection constraints of fig. 11 would be weakened for a very small value of the kinetic mixing . Small values (between 10 −9 and 10 −12 , depending on the m V D considered), while still guaranteeing a dark photon lifetime shorter than τ BBN , would cause V D to decay when it dominates the energy density of the universe, thus injecting significant entropy in the SM plasma and diluting DM. The dilution factors are shown in fig. 7 . The dilution of DM would imply a smaller coupling α D , in order to account for the observed DM density, and in turn the possibility to have DM of thermal origin heavier than ∼ 100 TeV without violating the unitarity bound. We leave the study of the related phenomenology for future work.
Moreover, if in the early universe the dark plasma was at a significantly lower temperature than assumed in this work, α D would be expected to be smaller, in the entire parameter space considered. This would relax the CMB, direct and indirect detection constraints, but would also shift the parameter space within which the DM self-interactions are sizeable.
